AB STRA CT The aims were to examine the gas exchange and arterial blood gas abnormalities among patients with scoliosis, and the correlation of these abnormalities with age and severity of deformity. Statistically significant correlations were as follows: the Paco2 and physiological dead space to tidal volume ratio increased with age, and the Pao2 and alveolar ventilation decreased with age. The Pao2, alveolar ventilation, and tidal volume were inversely related to the angle of scoliosis and directly related to the vital capacity, percent predicted vital capacity, and the compliance of the respiratory system. The physiological dead space to tidal volume ratio and the alveolar-arterial oxygen difference were inversely related to the vital capacity, percent predicted vital capacity, and the compliance of the respiratory system. Paco2 was directly related to the elastance of the respiratory system.
Means among 51 patients were as follows: age 25.4± 17.5 yr, angle of scoliosis 80.2±29.9 (SD), vital capacity 1.94±0.91 (SD) (i.e. 60.6±19.2% of predicted), Pao2 85.8±12.0 (SD), Paco2 42.4+8.0, physiological dead space to tidal volume ratio 0.438±0.074 (SD) , and alveolar-arterial oxygen difference breathing air 14.9±
(SD).
Statistically significant correlations were as follows: the Paco2 and physiological dead space to tidal volume ratio increased with age, and the Pao2 and alveolar ventilation decreased with age. The Pao2, alveolar ventilation, and tidal volume were inversely related to the angle of scoliosis and directly related to the vital capacity, percent predicted vital capacity, and the compliance of the respiratory system. The physiological dead space to tidal volume ratio and the alveolar-arterial oxygen difference were inversely related to the vital capacity, percent predicted vital capacity, and the compliance of the respiratory system. Paco2 was directly related to the elastance of the respiratory system. We conclude that ventilation-blood flow maldistribution as a result of deformity of the rib cage was the primary abnormality in gas exchange, and that with age there was progressive deterioration in gas exchange. The age-dependent increase in Paco2 and decrease in alveolar ventilation were due to the increasing physiological dead space to tidal volume ratio and failure of a compensatory increase in ventilation.
INTRODUCTION
Respiratory function abnormalities are common in idiopathic scoliosis and may lead to respiratory failure (1-5). Blood gas abnormalities in scoliosis have been attributed to alveolar hypoventilation as a result of a ventilatory pattern of small tidal volumes (VT)' and a high respiratory frequency (3) (4) (5) . However, the most common blood gas abnormality is a reduced arterial oxygen tension (Pao2) with a normal arterial carbon dioxide tension (Paco2) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . The reduced Pao2 and elevated alveolar-arterial oxygen differences (AaDo2), and dead space (VD)-tidal volume ratios (VD/VT) are indicative of ventilation/blood flow maldistribution (1) (2) (3) (6) (7) (8) (9) (10) . Interpretation of previous data on gas exchange and arterial blood gases in scoliosis is difficult because some of the studies have included patients with scoliosis due to different etiologies or coexistent chronic pulmonary disease, some have too few patients for statistical analyses, and in some the severity of scoliosis has not been documented.
The objectives of the present investigation were to measure the steady-state gas exchange and arterial blood gases in large number of patients with idiopathic scoliosis, ranging widely in age and severity of scoliosis, and free of coexistent pulmonary disease; to utilize statistical techniques in the examination of the factors associated with blood gas and gas exchange abnormalities; and to examine the relative contribution of ventilation-blood 'Abbreviation used in this paper: AaDo2, alveolar-arterial oxygen differences; Crs, compliance of the respiratory system; Paco2, arterial carbon dioxide tension; Pao2, arterial oxygen tension; VA/Q, ventilation/perfusion ratio; VC, vital capacity; VD, dead space; VDanat, anatomical dead space; VT, tidal volume.
The Journal of Clinical Investigation Volume 58 October 1976*825-833 825 flow maldistribution and hypoventilation in the genesis and progression of blood gas abnormalities. This study was combined with an examination of lung volumes, mechanical properties of the respiratory system, ventilatory response to C02 (which demonstrated associations between angle of scoliosis and lung volumes), and the elastic properties of the respiratory system, and between these variables and the slope and pattern of the ventilatory response to C02. There was also evidence of an agedependent decrease in the slope of the ventilatory response to C02 (11) .
To circumvent the inadequacy of the angle of scoliosis as an esimate of the deformity of the rib cage, for which there is no quantitative estimate, the data on the lung volumes and the elastic properties of the respiratory system were used as indices of the severity of the deformity. In the analyses of the data, attention was directed to the association of gas exchange and blood gas abnormalities with age, angle of scoliosis, lung volumes, and the elastic properties of the respiratory system.
METHODS
Patients. Studies were performed on 51 patients with idiopathic scoliosis (14 male, 37 female) ( Table I) . The methods and results of measurement of lung volumes, mechanical properties of the respiratory system, and the ventilatory response to CO2 have been reported in an earlier paper (11) , as has the method of measurement of the angle of scoliosis. The patients were in their usual state of health, and they were asymptomatic except for dyspnea in some patients. Patients with coexistent obstructive pulmonary disease were excluded from the series. No patient had received any corrective procedure for scoliosis, and they were life-long residents of Sydney or rural New South Wales. All were nonsmokers. The electrocardiograms were normal in all except two patients and the abnormalities were, respectively, right ventricular hypertrophy (patient 50) and poor progression of the R wave in the precordial leads (patient 51). Steady-state gas exchange studies. Studies were performed with the patients sitting. The patient breathed air from a Tissot gasometer via a one-way respiratory valve; expired gas was collected for two periods of 2-3 min, and arterial blood was withdrawn during each collection. The apparatus dead space of the valve and mouthpiece was 30 ml. The patient then breathed 100% oxygen from the gasometer for 12 min, and-during the last 2 min the expired gas and arterial blood were collected. The data from the second of the two periods breathing air and from the oxygen-breathing period are reported. The Analyses of data. To evaluate the effects of scoliosis independently of development during childhood and adolescence, the data for patients 18 yr or older were examined, and to examine the effects of severe scoliosis, the data on patients with an angle of 800 or more were also examined.
RESULTS
Physical characteristics. The age, angle of scoliosis, and body weight are in Table I . The mean vital capacity (VC), was 1.94 liters+0.91 (SD), the mean percent predicted vital capacity was 60.6±19.2 (SD), and the mean compliance of the respiratory system (C,.) was 48 ml/cm H20±25 (SD). Significant correlations were found between the angle and the VC (r = -0.485, P < 0.001), percent predicted VC (r = -0.523, P < 0.001), and C7. (r:=-0.625, P<0.001).
Gas exchange and arterial blood gases. The mean values for gas exchange and arterial blood gases for the total and for the subgroups are similar. In the total group ( Fig. la) and both subgroups of patients, the Pao2 was inversely related to the age. In that subgroup where the angle was 800 or more, the correlation coefficient was -0.507 (P = 0.001 -0.01) and in that subgroup where the age was 18 yr or older, the correlation coefficient was -0.715 (P < 0.001). All three intercepts were below 100 mm Hg, and the rate of decline was 3.1-4.5 mm Hg/decade. In the total group, the Paoa was also inversely related to the angle (Fig.  lb) , and directly related to the VC (r = 0.562, P < 0.001), the percent predicted VC (r = 0.539, P < 0.001), and the Cr. (r = 0.450, P = 0.001). The correlation coefficients for both subgroups were similar to those for the total group.
The Pacoa was directly related to the age; for the total group the increase per decade was 3.23 mm Hg (Fig. 2a ). There were also statistically significant correlation coefficients between the Pacow and the elastance of the respiratory system for the total group (Fig. 2b ) and for both subgroups, i.e. for those with an angle of 800 or more, r = 0.497 (P = 0.001-0.01), and for those 18 yr or older, r = 0.562 (P = 0.01). The Pacos was also inversely related to the VC (r =-0.467, P = 0.01-0.05), percent predicted VC (r =-0.507, P = 0.001-0.01) and to the Crs (r = -0.426, P = 0.01-0.05) for the patients 18 yr or older.
The incidence of elevated VD/VT ratios and AaDos were high, and to estimate the incidence and severity of the ventilation-blood flow maldistribution, these data lustrates a high incidence of VD/VT ratios substantially were compared with normal data. With the data of Hart greater than the predicted VIlanat/VT. The mean meaet al. (12) , the anatomical dead space (VDanat) for each sured VP/VT was 0.438±0.074 (SD) and the mean patient was predicted from the body weight, and VDana.t/ predicted VD:nat/VT was 0.332+0.079 (SD) (statistical VT ratio estimated from the tidal volumes at which the significance of difference (P < 0.001). The AaDo2's are VD/VT ratios were measured (Fig. 3) . The figure il-compared with the data of Raine and Bishop (13) 4): the data in the patients with scoliosis reveal a high level of AaDo2, greater than that predicted by Raine and Bishop for the patient's age but in the patients with scoliosis there was no significant increase in this gradient with age. The AaDo2 was also inversely related to the VC (Fig. 5) , percent predicted VC (r = -0.339, P = 0.01 -0.05), and to the Crs (r =-0.463, P < 0.01).
The VD/VT was directly related to the age, and the correlation coefficient for the total group was 0.473 (P < 0.01) (Fig. 6a) . Although the correlation coefficients between angle and VD/VT were not significant, the correlation coefficients between VD/VT and the VC (Fig.   6b) , and the Crs were significant (r =-0.318, P -0.01 -0.05).
The alveolar ventilation was inversely related to the age, and the angle of scoliosis (Fig. 7a and b) , and directly related to the VC (r = 0.544, P < 0.001), percent predicted VC (r = 0.475, P < 0.01) and C,s (r = 0.453, P <0.01). These relationships were significant for the total group, as shown above, and both subgroups.
Oxygen consumption was directly related to the body weight (r = 0.581). and height (r = 0.593), and was also directly related to the VC, percent predicted VC, and Crs. The correlation coefficients between oxygen consumption and age and angle were not significant.
For each patient the oxygen consumption was normal for body size.
Relationships between age, angle, mechanical properties of the respiratory system, and the pattern of ventilation. These analyses were undertaken to test the hypothesis that the mechanical properties or age in scoliosis contribute to the pattern of ventilation, and by this mechanism contribute to the gas exchange abnormalities.
The minute ventilation was directly related to body weight, height, lung volumes, and the Cr.. For the patients 18 yr or older, and for the patients with an angle of scoliosis 800 or more, the minute ventilation was inversely related to the angle of scoliosis (r = -0.423 and -0.480, respectively). The correlation coefficients between age and minute ventilation were not significant. The relationships between tidal volume and body size, lung volumes, and the elastic properties of the respiratory system were similar to those of minute ventilation.
For the total group, and for the patients with angle of scoliosis 800 or more the tidal volume was inversely proportional to the angle (r =-0.312 and r = -0.389, respectively). Therefore. in severe scoliosis there is a consistent inverse relationship between the angle and both the minute ventilation and the tidal volume. The correlation coefficient between age and tidal volume was also statistically significant for patients with angle of scoliosis 800 or more (r = -0.374). The correlation coefficients between respiratory frequency and age, angle, and mechanical properties of the respiratory system were also significant. For the total group, and both subgroups, there was a direct relationship between age and the respiratory frequency: total group, r= 0.411; angle 800 or more, r = 0.419, and patients 18 yr or over r = 0.580. For all patients the respiratory frequency was also inversely proportional to the VC (r = -0.393), percent predicted VC (r = -0.449), and the Crs (r = -0.463); however, these relationships were not consistently significant for the two subgroups.
Relationships between the pattern of ventilation and the arterial blood gases and gas exchange variables. Statistically significant relationships were also demonstrable between the pattern of ventilation and the arterial blood gases and indices of ventilation/blood flow. The correlation coefficients between tidal volume and the following variables for the total group were: Pao2, r = 0.343 (P = 0.001-0.01); Paco2, r =-0.232 (P > 0.05); VD/VT, r = -0.458 (P < 0.001); AaDo2, r = -0.303 (P = 0.01-0.05). and alveolar ventilation, r = 0.606 (P < 0.01). In general the relationships between tidal volume and the gas exchange variables were similar for each of the subgroups. The correlation coefficients between a show a greater rate of decrease in Pao2 with age, this was not evidenced by comparisons between or within these series. In contrast to normal man, in whom there is no variation in Paco2 with age (13, 14, (16) (17) (18) , in scoliosis the Paco2 increased with age. Therefore, throughout the evolution of the respiratory function abnormalities in scoliosis, there is a progressive decrease in Pao2, and an increase in Paco2. Since the AaDo2 breathing air does not increase with age, the decrement 30 100 in Paoa with age seems best explained by the progressive fall in alveolar ventilation and consequent hypercapnia.
Ventilation-blood flow maldistribution and impaired b ventilatory compensation. Three major mechanisms contribute to blood gas abnormalities while breathing * air: hypoventilation, ventilation-blood flow maldistribua * tion, and impairment to diffusion (19) . In examining * the mechanism of blood gas abnormalities in scoliosis, * * * a distinction must be made between alveolar hypoven-* Og PaOQ and AaDO. breathing 100% oxygen. The mean Paow breathing 100% oxygen was 607±70 (SD) mm Hg, and the mean AaDo2 was 64±61 (SD) mm Hg. The AaDoa (oxygen) was directly related to age, r= -0.480 (P < 0.01), and the regression equation was AaDo2 (oxygen) = 25.6 + 1.676 yr. DISCUSSION Age-dependent changes in arterial blood gases. In normal man throughout life there is an age-dependent decrease in the Pao2; and although the populations and the criteria for normality varied between studies, the relationships between the age and the Pao2 were consistent (13) (14) (15) (16) (17) . However, in the patients with scoliosis both the intercept on the ordinate was lower, and the rate of decrease of Paoa with age (APao2/A yr) was greater than in the normal subjects, except for the rate of decrement with age the study of Sorbini et al. (17) .
The reason for the differences between Sorbini and associates' study and the others is unknown. Although it might be reasoned that an industrial urban population (13) , smokers, and supine subjects (13, 14, 17) presence of ventilation-blood flow maldistribution is evidence of a compensatory increase in ventilation.
In scoliosis, as evidenced by the elevated VD/VT ratios and AaDo2, ventilation-blood flow maldistribution is a mechanism of the blood gas abnormalities. Furthermore, the association of normocapnia and ventilationblood flow maldistribution in the early decades of evolution of the functional changes confirms the presence of a compensatory increase in ventilation. Hence it is argued that the primary mechanism of blood gas abnormalities in scoliosis is ventilation-blood flow maldistribution. However, with increasing age several processes occur. First, as in normal man, the VD/VT increases, but in contrast to the normal data, in scoliosis both the intercept and the rate of increase per year are greater (13, 16) . The rate of increase in VD/VT ratio per year in the sitting position in Raine and Bishop's study was 0.001, and this slope is not significantly different from zero (SD of estimate 0.062) (13) . The rate of increase per year in Mellemgaard's study (16) did approach that of the patients with scoliosis and was 0.0017/yr. Second, the alveolar ventilation decreases and the Paco2 increases with age. The simplest explanation of these events is a progressive deterioration of ventilation-blood flow maldistribution, as evidenced by the increasing VD/VT, and failure of a compensatory increase in ventilation to maintain normocapnia.
The data presented in an earlier paper on the mechanical properties of the respiratory system and the ventilatory response to CO2 show that several factors may contribute to an impaired chemical regulation of ventilation and hence, by inference, impair compensation for ventilation-blood flow maldistribution (11) . The slope of both the tidal volume and the minute ventilation response to CO2 were directly proportional to the VC, and the CG.. It may be argued, therefore, that severe deformity prevents the compensatory increase in ventilation by mechanically impeding ventilation. Several agerelated changes may also contribute to the failure of a compensatory increase in ventilation. First, as has been shown in normals, there is an age-dependent decrease in the slope of the ventilatory response to CO2 (11, 22) . Second, the compensatory increase in ventilation may have been overwhelmed by the magnitude of increase in VD/VT.
In several of the older patients, the AaDo2 breathing oxygen was greater than 200 mm Hg, and in these patients pulmonary arteriovenous shunt may have contributed to the AaDo2 while breathing air. However this interpretation is questionable on the basis of the studies by Wagner and associates (23, 24) who, using multiple inert gas elimination techniques to measure continuous VA/Q distribution, demonstrated the development of shunt in awake subjects spontaneously breathing 100% oxygen. These changes were most frequent in the older subjects. In a theoretical paper (24), they provided evidence that the shunt on 100% 02 would develop in lung units with critically low ventilation-perfusion ratios. The possibilities are, therefore: with increasing age, the contribution of pulmonary arteriovenous shunt to the AaDos breathing air increases; and/or areas with critically low VA/Q ratios increase with age and are evidenced as large AaDo2 while breathing oxygen. Mechanism of elevated VD/VT and ventilation-blood flow maldistribution. The conventional concept of the mechanism of elevated VD/VT ratios and the ensuing alveolar hypoventilation in scoliosis was that these were due to the abnormal ventilatory pattern of small tidal volumes with a high respiratory frequency (3) (4) (5) . The respiratory frequency was directly related and the tidal volume inversely related to the VD/VT, which would support the conventional concept; however, these associations do not necessarily provide evidence of causeand-effect relationships. Physiological dead space consistently exceeded the predicted anatomical dead space; suggesting a significant component of mismatching between blood flow and ventilation in patients with scoliosis. Therefore it may be argued that the physiological dead space/tidal volume ratio is elevated as a result of ventilation/blood flow maldistribution due to the deformity of the rib cage, and that the pattern of ventilation (abnormally high respiratory frequency and small tidal volumes) may further contribute to the elevated VD/VT ratios.
It may be postulated that the ventilation-blood flow maldistribution is the result of several mechanisms. First, histologic studies of the lungs in scoliosis have shown a nonuniform distribution of alveolar volume with areas of compression, and a nonuniform distribution of vessels with areas of decreased vascularity (25) (26) . Second, in scoliosis the relative contribution of the diaphragm to the tidal volume is greater than normal (27) , and this decreased contribution of the rib cage to inflation may contribute to an abnormal distribution of ventilation. Regional studies on the distribution of ventilation and blood flow have shown an abnormal distribution of ventilation and blood flow in scoliosis; however, there are no data on quantitative relationships between these abnormalities and indices of ventilation-blood flow maldistribution of blood gases (28) (29) (30) (31) . Although our study has demonstrated statistically significant quantitative relationships between the indices of ventilationblood flow maldistribution and the lung volumes and the mechanical properties of the respiratory system, other techniques are required to demonstrate the mechanism of ventilation-blood flow maldistribution in scoliosis.
Pattern of ventilation. The data have shown that the respiratory frequency is inversely related to the Crs and Gas Exchange in Idiopathic Scoliosis the VC, and the tidal volume is directly related to the Cr. and the VC. These associations are consistent with the hypotheses of optimal respiratory frequency to minimize inspiratory work or force (32, 33) ; however, the absence of data on the total resistance of the respiratory system and the limitations of the sine wave model of breathing precluded a rigorous examination of these hypotheses.
In conclusion, this study has demonstrated that in scoliosis two primary variables, age and the degree of chest wall deformity, contribute to the abnormalities in gas exchange and arterial blood gases. Ventilation-blood flow maldistribution, directly related to the deformity of the rib cage, is the major source of impaired gas exchange in young patients with scoliosis; aging causes further deterioration in ventilation-blood flow maldistribution, and finally failure of the expected response to a rising physiological dead space ultimately leads to hypercapnia. Age-dependent changes in the pattern of the ventilation (i.e. a rising frequency and falling tidal volume) and the age-dependent decreases in the slope of the ventilatory response to C02 both may contribute to the ultimate CO2 retention. This is the first demonstration in scoliosis of statisticallv significant relationships between the deformity, as expressed bv the angle or as lung volumes. the elastic properties of the respiratory system, age, and the arterial blood gases and gas exchange variables.
